Maintaining health and improving the quality of life of the elderly is extremely challenging in an aging society. In this study, the relationship between housing and the independence and functional capabilities of the elderly is examined, and the effect of housing conditions on health improvements and their economic benefits for the elderly in terms of medical expenditures are assessed. The study is based on the Chinese Health and Retirement Longitudinal Study (CHARLS), which was conducted in 2011 and 2013. Two indices that measure housing conditions and the health status of the elderly were run through regression and state-transition models. Housing was found to have a positive relationship with the health of the elderly, and the improvement of housing conditions could significantly change health status and decrease medical expenditures. The importance of maintaining the health of the elderly through housing adaptations and the economic benefits of housing interventions are highlighted, as these can contribute to both public health and housing adaption subsidy policies.
Introduction

Background
Housing can significantly affect the health of the elderly, as in its broader sense, housing is not simply shelter but also valuable wealth, and it is socially linked to individuals' wellbeing. The daily activities of the elderly are also predominantly conducted in the home, and people may have a strong emotional attachment to the house in which they have lived for many years [1] . Housing also serves as a platform for achieving a favorable living environment and service outcomes, and it thus can improve the independence and health of the elderly [2] . In 2017, it was estimated that 962 million people were aged 60 or above worldwide, comprising 13% of the global population: by 2050, over 30% of the global population, excluding Africa, will be elderly (aged 60+) [3] . The population of those aged 60 or above is growing by 3% per year, which is faster than all younger age groups [3] . Thus, maintaining the health of the elderly and improving their quality of life is an increasingly challenging task. Existing studies have investigated these problems from several different aspects, such as universal design [4] , aging in place [5] , and person-environment fit [6] , and have incorporated the role of innovation in new technologies [7] . Understanding the relationship between housing and the health of the elderly is helpful in addressing this important issue. This issue should be of primary importance in public health policies that address the issue of aging in place.
The relationship between housing and the health of the elderly is complex. Its correlation goes far beyond assessing health-related physical hazards and accident prevention, and it involves the interaction between elderly competence and housing [8] . Housing that is beneficial to health not only increases the safety and comfort of the dwelling but also improves various living and utility functions in the daily life of the aging [1] . Most of the extensive studies related to housing and its health impacts on older people have focused on the effects of housing on falls [9] , mobility [5] , or mental health [10] : few have provided overall assessments of functional capacity [2] . The need for further investigations into the elderly's activities of daily living (ADLs) (going beyond examining just walking and mobility) has been highlighted [9] . This study fills these research gaps by examining the impact of housing on elderly independent living, as measured by the full spectrum of ADL functionality and the instrumental activities of daily living (IADLs), which capture the role that housing can play in the levels of independence and functional capabilities of the elderly.
In addition, in this paper, the impact of housing conditions on health changes in the elderly is measured, and the economic value of housing on health is further assessed. As the numbers of the elderly have increased in many countries, so have their healthcare expenses, leading to extensive research on the health, well-being, and life expectancy of an increasingly elderly population [4, 11, 12] . To our knowledge, this is the first study that has aimed to capture the dynamic link between housing and changes in the health of the elderly, as well as the economic benefits of housing improvement on their health. There are always theoretical and empirical challenges in finding concrete evidence for the impact of housing on health from a dynamic perspective because of the complex interconnectedness between housing, social and economic conditions, the health of the elderly [13] , the heterogeneous competence of elderly [2] , and the difficulty of measuring the degree of housing improvements. Few quantitative studies have addressed the impact and economic benefits of housing improvements. In this study, the threshold levels of different health statuses were estimated based on two-year panel data using a state-transition model. By comparing the different levels of health status development under the different housing conditions over the two years, we were able to capture the effects that housing conditions have on improving health and thus gain insight into the benefits of housing adaptations on the health of the elderly. In addition, the potential economic benefits of housing improvements were assessed by measuring the correlation between health and medical expenditures. Thus, this study provides theoretical and empirical contributions to developing and improving housing interventions and identifying their economic benefits. It also contributes to the formation of policies on housing adaptation planning and subsidies.
In this study, housing conditions were found to be positively correlated with the health status of those between 60 and 80 years of age (according to Chinese Health and Retirement Longitudinal Study (CHARLS) data from 2011 and 2013). Moreover, it was indicated that housing improvements benefit the health improvement of the elderly and that housing conditions have a significant impact on curbing medical expenditures among the elderly, particularly among younger and healthier old people.
Literature Review
The competence-environment stress model proposed by Lawton and Nahemow [8] provides a general conceptual foundation for the relationship between the environment and people. In housing and elderly health studies, the importance of this model lies in its emphasis on the role of the housing environment and the competencies of individuals to support or undermine individual functions in elderly health, which constitute the mechanisms involved in the links between housing and elderly health [14] . From this perspective, the physical hazards of housing and the elderly's interactions with the housing environment are both important to understanding the relationship between housing and the health of the elderly.
There is a great deal of research on housing and elderly health in terms of the indirect economic aspects of housing, including housing ownership [15, 16] , affordability [17] , housing wealth [18] , and the direct physical hazards of housing [19] due to services and resources [20, 21] . In terms of the effects of the physical characteristics of housing on the health of the elderly, the concept of the "healthy housing environment" [22] has been applied, which identifies the attributes of safety, health, amenities, and convenience. Many studies have focused on single dimensions of housing [23] , such as barrier-free facilities [24] , housing typology [25] , lighting [26] , noise [27, 28] , the state of home disrepair [29] , access to residential facilities [30] , and access to housing and rooms [29] . However, the effects of combined housing attributes on health have been neglected in the literature [23] . More research is needed to explore the effects of housing as a whole on health [23] or to investigate the relationship between perceived housing and health [19] .
In addition, the effects of housing improvements on health [31] , which could be of value to policymakers and housing providers, have rarely been examined. The current research has been focused on the influence of housing improvements on psychological well-being, levels of satisfaction [32] , and quality of life [1] . Further studies on housing and elderly health using longitudinal survey data are strongly urged [9, 33] .
Although it has been widely accepted that housing transcends physical spaces and has social and symbolic significance in the daily life, relationships, and interactions of the elderly [34] , research into the participation of the elderly in housing issues is in demand. We know little about how the elderly interact with their living spaces [35] , and no consensus has been reached about what makes a housing structure more than just a place of residence. On the one hand, this indicates that the social and economic characteristics of the elderly are important in the correlation between housing and elderly health, and by better understanding family choices and decision-making, the mechanisms of how the elderly participate in housing can be revealed [36] . This may also help clarify the relationship between behavioral and educational interventions and risk prevention in the elderly [37] . Currently, studies within this field have considered limited demographic characteristics such as age, gender, marital status, income or relative income, self-reported economic status, social interaction, and career [23, 29] . Including limited socioeconomic factors in a regression may result in missing variables, which can lead to bias in conclusions on the relationship between housing and health.
On the other hand, research into elderly participation in housing needs should also further expand upon housing hazards and mobility obstacles (which have been the focus of housing and health research [19] ), to a greater extent involving functions and activities specific to the elderly [38] . Current research has often focused on falls [2] , bathing and dressing obstacles [6, 19] , burns [39] , diseases such as Alzheimer's [40] , mental health, and circadian rhythm and sleep quality [26] , which are all relevant to the health of the elderly. Investigations of the relationship between housing and activities of daily living (ADLs) and instrumental activities of daily living (IADLs) are important [19] .
In this study, to fill the current research gap on the correlation between housing and health, we conducted an index based on an ADL and IADL scale to investigate the influence of housing on the overall abilities of the elderly. We estimated the influence of housing on changes in health status using two-year panel data derived from longitudinal surveys. We also estimated the medical expenditures of the elderly in relation to their health and housing conditions to confirm the importance of housing on the health of the elderly.
Materials and Methods
Research Design
To explore our research questions, we examined the possible relations between housing and elderly health first through the correlation between housing characteristics and health and second through the dynamic effect of housing on health and on medical expenditures.
The Correlation between Housing and the Health of the Elderly
In the first stage, we analyzed the correlation between housing and the health of the elderly during the survey period. Lots of studies have investigated factors that influence elderly health. The effects of natural attributes, including gender [41] , age [42] , and nationality [43] ; social attributes, including marital status [44] , residence [45] , education [42] , and income [46] ; and lifestyle factors, including smoking and drinking [47] , exercise, activities [48] , disease [48] , and mentality [49] ; have been examined. In this study, we conducted a health status index as an indicator to describe the overall health of the elderly, including disease and mentality. Thus, in our measurements, disease, mentality, and health status were endogenous. We also included regional factors. Robustness tests are also provided.
We used an OLS regression (Ordinary Least Square regression) in conducting our benchmark study, as shown in Equation (1) below:
where HFC represents health function credits and HCC represents housing character credits. We controlled for natural, social attributes and lifestyle, regional factors. Measuring differences in the elderly who are very healthy is difficult with the ADL/IADL scale, so we further used a Tobit regression model to avoid any possible bias.
The Dynamic Impact of Housing on the Health of the Elderly
In the second stage, we further investigated the impact of housing on dynamic changes in the health status of the elderly. Following Huang [50] , we divided health status into three categories: healthy, health-damaged, and functionally disordered.
A state-transition model was used at this stage. The probability that an old person moves from initial health status i to status j over time t is P ij (t), i, j = 1, 2, 3, so we have a state-transition matrix as P(t) = P ij (t) . Here, 1, 2, and 3 refer to healthy, health-damaged, and functionally disordered, respectively.
S it is a binary variable representing an old person in status i at time t. An ordered logit model is estimated to capture the role of HCC on the probability of switching health statuses between the three states:
where α 1 and α 2 are the threshold parameters dividing the health status latent variable into three categories. β h HCC and X β represent the product of housing characteristics and the control variables with their coefficients.
Using the ordered logit regression model, α and β were estimated for the years 2011 and 2013 by including the control variables of marital status, income, assets, and exercise habits and the interaction between housing conditions and health status. We estimated α and β with an MLE (Maximum Likelihood Estimate). On the basis of the results of α and β, the state-transition model was estimated to capture changes in health conditions in both good and bad housing conditions.
Economic Benefits Analysis: Evidence from Medical Expenditures
For the economic benefits analysis, we first used a regression to estimate the medical expenditures for different health statuses, controlling for age, gender, income, assets, and regional factors. By using the estimated state-transition model, we could estimate the medical expenditures for those living in different housing conditions. By comparing their expenditure growth rate differences, additional medical expenditure growth could be obtained if the elderly were living in poor housing conditions.
Data
Our research was based on the China Health and Retirement Longitudinal Study (CHARLS) from 2011 and 2013, which covered 450 communities in 28 provinces, autonomous regions, or municipalities in China. CHARLS investigated respondents' demographic characteristics, family structure and support, social interactions, income, consumption, and assets. It also provided detailed information on health, lifestyle, and housing characteristics, which were critical factors in our research. Heads of household who were over 60 years old were identified in the research. After eliminating invalid or missing information from the survey, 4740 and 5437 observations remained from 2011 and 2013, respectively, enabling us to conduct a two-term panel data analysis using 3850 observations.
A statistical description of the variables is presented in Table 1 . In the survey, 60% of the heads of household were younger than 70 years old, and fewer than 10% of respondents were over 80. In this study, we focused on the impact of the physical characteristics of housing on health status. The concept of the "healthy housing environment" [22] identifies housing attributes from the perspectives of safety, health, amenities, and convenience, which is an accepted approach in the literature.
To compare the contributions of different housing characteristics, we standardized all housing characteristic variables as ranging from 0 to 1: the higher the score, the better the housing characteristics for the elderly. It is well known that housing is a bundle of attributes. Thus, in this study, we used housing character credits (HCCs), that is, the sum of the scores of all 13 characteristics of housing, to measure housing conditions: the larger the total score, the better the housing conditions.
We also attempted to use principal components analysis (PCA) to conduct HCCs, but this had two limitations for the current study: based on the 13 housing characteristics, a total of 8 principal components were necessary, and negative terms in the principal components analysis would have been difficult to explain in our study. Thus, we used HCCs in our study. Table 2 presents the descriptive statistics of these housing characteristics.
In the study, the health status of the elderly was measured based on activities of daily living (ADLs) and instrumental activities of daily living (IADLs), which are widely used in studies of elderly health. In the CHARLS, the daily activity ability of elderly people was classified into four levels based on ADLs and IADLs: without assistance, with minor assistance, with extensive assistance, and completely unable to complete without assistance. Three phases were included to investigate ADLs and IADLs in the CHALRS: ADL screening, ADL investigation, and IADL investigation. The ADL screening was designed to distinguish healthy respondents from very unhealthy respondents. Only very unhealthy respondents required an ADL investigation. Note: All variables were standardized on a 0-1 scale: the higher the score, the better the housing characteristics for the elderly.
To assess the health status of the elderly, we constructed a health function credits (HFC) index. We assigned values of 1, 0.6, 0.3, and 0 to the four levels of ADL screening and IADL investigation. As only the rather unhealthy respondents accepted an ADL investigation, this phase's points were negatively assigned as 0, −0.03, −0.06, and −0.1 to gain a more accurate picture of the sample. Table 3 presents the HFCs of the different age cohorts. We found that as people got older, their health declined more rapidly and their health status became more dispersed, which reflected the real characteristics of the health status of the elderly. Note: HFC is the abbreviation for health function credits. We assigned values of 1, 0.6, 0.3, and 0 to the four levels of activities of daily living (ADL) screening and instrumental activities of daily living (IADL) investigation and negatively assigned 0, −0.03, −0.06, and −0.1 to ADL investigation. We conducted an HFC index by adding the credits together: the higher the HFC, the healthier the elderly people were.
To simplify the health status description further, we followed Huang [49] and divided the health status of the elderly into the three categories of healthy, health-damaged, and functionally disordered, as shown in Table 4 . Table 4 . Health status division principle.
Health Status Standard
Healthy (S 1 ) No ADL or IADL disorders Health-damaged (S 2 )
One or more IADL disorders or 1-2 ADL disorders Functionally disordered (S 3 )
More than 3 ADL disorders Note: "disorders" refers to respondents who need extensive levels of assistance for a specific ADL/IADL term, the third and fourth levels of the ADL/IADL scale. Table 5 presents the results for the association of housing with the health of the elderly based on OLS and Tobit regression. HFC was shown to be significantly and positively correlated with HCC. The results were consistent with the two methods. The control variables had the expected signs. Notes: HCC is the abbreviation for housing condition credits, which is the sum of all 13 housing character indices. The dependent variable was HFC, which was used by the authors to measure the health status of the elderly. The t-statistic is in parentheses; * p < 0.05; ** p < 0.01; *** p < 0.001.
Results
Housing Characteristics and the Health of the Elderly
Basis Regression
The Heterogeneity Test for Different Age Cohorts
In this section, we further test whether the relationship found above holds for different age cohorts. The heterogeneity test helps us to understand age groups and their relationship to housing and health, which can guide the elderly in determining the best time for adaption and provides implications for effective government subsidies. We divided the respondents into the three age cohorts of 60-70, 70-80, and over 80. The results of the Tobit regression are given in Table 6 for CHARLS 2011. The results for CHARLS 2013 were consistent and thus are not shown here. Notes: Regressions (1), (2), and (3) are subsample Tobit regressions by age. The control variables include age, gender, marital status, income, assets, regional factors, and lifestyle, as specified in Table 5 . The control variables had the expected signs. The t-statistic is in parentheses; ** p < 0.01; *** p < 0.001.
The results show that the correlation between housing properties and health was significant for the elderly under 80 years old.
The Dynamic Effect of Housing on Health
Using the two-term panel data, we could track the changes in the health of the elderly. The results of the ordered logit regression are shown in Table 7 . The coefficient of HCC also showed that the housing characteristics in 2013 significantly and positively influenced a change in health status. We also added a cross-term for health status in 2011 and housing characteristics, which were S 2t−1 HCC and S 3t−1 HCC, but the coefficient was not significant. The effect of housing on health status therefore did not depend on the primary health status. The other control variables' signs were as expected. (There was a possible concern about endogeneity in the relationship between housing and health. We considered and tested the three possible paths that could have caused endogeneity problems to confirm. Please see Appendix A.) Table 7 . Ordered regression results from the dynamic impact analysis. Notes: Regression (1) uses HCC in 2013 and control variables in 2013. Regression (2) uses HCC in 2011 and control variables in 2011. Health status is divided into the three categories of healthy (S 1 ), health-damaged (S 2 ), and functionally disordered (S 3 ). S i,t means health status is in the S i level at time t. For example, S 3,2011 = 1 means the household was functionally disordered in 2011. The control variables include age, gender, marital status, income, assets, regional factors, and lifestyle, as specified in Table 5 . The t-statistic is in parentheses; * p < 0.05; ** p < 0.01; *** p < 0.001.
Using status state-transition models (2), (3), and (4) (introduced in Section 2.1), Table 8 shows the estimated results of the different age and housing characteristics. Poor housing conditions refer to those in the bottom 50% of HCC in 2013, while good housing conditions refer to those in the top 50% of HCC from the houses in 2013. The percentages in the matrix indicate the probability of health status changing between 2011 to 2013 in the two housing condition scenarios in the different age groups. For example, for the elderly aged 70-80 in good housing conditions, the housing was either consistently good or improved from a poorer condition in 2011, and the probability of health changing from functionally disordered to health-damaged was 55.75% compared to 49.31% for those in poor housing conditions.
The left lower triangle of the matrix (in dark gray) shows health improvements, and the right top triangle of the matrix (in white) shows a deterioration. We found that housing improvements positively influenced changes in the health status of the elderly. This influence could differ in terms of age and evolution direction. On average, the positive effect of housing on controlling health deterioration increased from 1.6% to 2.57% with age, but the positive effect on promoting health recovery decreased from 3.92% to 1.20%. The health maintenance impact increased from 4.40% to 7.24%. Thus, housing improvements were more like healthcare products than drugs or treatments.
Economic Benefits Analysis: Evidence from Medical Expenditures
For the elderly, medical expenditures are often a huge burden, particularly for those who are unhealthy. Table 9 shows the estimated medical expenditures in 2013 given the different health statuses. The results show that the medical expenditures of the elderly with impaired health were 44.7% higher than for those who were healthier, and expenditures for those who were functionally disordered were 130.0% higher. By combining Tables 9 and 10 , we were able to estimate the expenditure growth rate of medical expenditures for the elderly living in poor housing conditions in 2013 compared to those living in good housing conditions at different ages. Here, we define RDGR (relative difference of growth rate) to describe the relative difference growth rate of medical expenditures. Table 10 shows that the growth of medical expenditures was accelerated for those elderly people living in poor housing conditions. The housing conditions of the healthy elderly of all ages had greater economic benefits than for those in health-damaged and functionally disordered conditions, and the benefits declined with age. These results suggest that housing adaptation is more important in terms of economic benefits for younger and healthier older people. Thus, government housing adjustment subsidies for such elderly people will be more efficient. 
Discussion and Conclusions
The effect of housing on the health of elderly has been widely studied. However, as discussed, the relationship between housing and health is complex because of the interaction between the competence of the elderly and housing. To assess the impact of housing conditions on the independence and functional capabilities of the elderly, two indices were built in this study to comprehensively examine housing characteristics and the health of the elderly. The relationship between these factors and the dynamic impact of housing improvements on changes in the health of the elderly were measured. In addition, the economic benefits of housing improvements were examined from the perspective of medical expenditure savings. Our study confirmed previous research indicating that the condition of housing has a positive relationship with the function and health status of the elderly. We also demonstrated that housing improvements can have actual benefits on the health of the elderly and on their medical spending.
The health of the elderly continues to be one of the most important global public health issues. Although the empirical tests in this paper were based on Chinese data, our methods and conclusions are also valuable for other countries facing pension challenges. Our study first provides evidence of the importance of healthy housing adaptation for the elderly and provides a new direction for public health policies through their integration with housing policies. Housing adaptation is a challenge for the elderly not only because of the construction process but also because of the financial burden, particularly for those on low incomes or who are older. Housing policies that aim to support the aging population can therefore affect housing affordability and public health. Our estimates of the economic benefits of housing improvements for the elderly indicate that efficient subsidized policies should target younger and healthier older people. Thus, education about the importance of age-friendly housing to health and the economy at an earlier and healthier age is therefore necessary.
Our results suggest that housing as a whole is more important for the health of the elderly than any single attribute, although this was not the focus of our study. Further research is required to fully understand this mechanism. However, our results do reflect the characteristics of housing as a bundle of attributes and imply that aging-friendly housing requires systematic planning and design.
Due to the limitations of the data, we only estimate the short-term effect of housing on the health of the elderly and only consider the cost of medical expenditures. Further studies can address the long-term effects of housing on health and include other costs, such as those for formal or informal services for unhealthy elderly people. When data are available, future empirical tests should be extended to more markets and international comparisons should be made to better understand the relationship between housing and the health of the elderly.
Appendix A. A Further Discussion of Endogenous Problems
In this study, we focused on measuring the role of housing in the health of the elderly, but there was a possible concern about endogeneity in the relationship between housing and health, which may have biased the findings. To confirm our results, we considered and tested the three possible paths that could have caused endogeneity problems. Due to space limitations, we do not show the results, but they are available from the authors upon request.
First, there may be an adverse selection relationship between housing and health, which means that only those who maintain a certain level of health are likely to live in relatively poor housing conditions. Thus, if their health deteriorates, they may require some improvements to their housing to meet their survival needs. Second, the healthier elderly, who typically have lower levels of medical expenditures, may be more likely to use their savings for home modifications, while others may need to maintain more of their savings as a precaution. Third, health status may influence elderly people's ability to do housework, which can influence HCC through the tidiness of their housing. We thus tested all three possible causes of endogeneity between housing and health. Our results confirmed the reliability of all of our findings.
